Introduction {#s1}
============

Compton cameras were originally developed in the field of astronomy to observe black-holes, supernovae, and the extreme universe ([@B1], [@B2]). A fundamental Compton camera consists of two types of position sensitive sub-detectors: scatterer and absorber. It can be used to take images of radioisotope (RI) distribution based on the kinematics of Compton scattering. Incident gamma-rays are scattered in the scatterer and are photo-absorbed in the absorber. From the detected energy---both in the scatterer and absorber---the scattered angle can be calculated as
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where, m~e~c^2^ is the rest mass energy of an electron, *E*~1~ is the energy deposition in the scatterer, and *E*~2~ is the energy deposited in the absorber. Thus, the direction of the incident gamma-ray is restricted within a cone surface using the position and energy information from the two sub-detectors. Because a Compton camera does not require a mechanical collimator, it can be downsized to detect high energy gamma-rays more efficiently compared with conventional collimated cameras ([@B3]--[@B5]). A Compton camera is a compact (i.e., \~44.5 × 34.0 × 23.5 cm in size) device that can detect multiple radionuclides exhibiting a wide energy range (from a few hundred keV up to few MeV) simultaneously. These features indicate the device\'s potential for applications in medical imaging ([@B6]--[@B13]).

Carbon ion radiotherapy (C-ion RT) is an emerging cancer treatment modality ([@B14]--[@B18]). C-ion beams achieve a dose distribution superior to those of other radiotherapy modalities based on a distal tail-off of the Bragg peak and a sharp lateral penumbra ([@B19]--[@B21]). Although they can provide excellent dose localization at the target, treatment plans for C-ion RT are particularly sensitive to anatomical change because the range of a C-ion beam is determined by the tissue density along the path; therefore, subtle organ motions or setup error can significantly distort the intended dose distribution ([@B22]--[@B25]). Hence, achievement of adaptive therapy in C-ion RT is of utmost importance.

The detection of annihilation gamma-rays can be applied in C-ion RT verification, as positron emitters are generated by nuclear reactions in tissues irradiated with C-ions. Previous studies demonstrate a method for post-treatment verification of C-ion RT using auto-activation positron emission tomography (AAPET) that detects the 511 keV annihilation gamma-rays ([@B26]--[@B28]). However, AAPET has the disadvantage of large instrument size; thus, it is difficult to install an AAPET device in the treatment room, requiring patients to be transported from the treatment room for the imaging. This generates a time lag between the C-ion irradiation and AAPET imaging, which allows transport of the activated elements with annihilation gamma-rays to unirradiated tissues via biofluids ([@B29]) and results in blurring of the obtained image. Therefore, it is not advisable to use AAPET for C-ion RT verification, unless the device is sufficiently downsized for in-room installation. A Compton camera is capable of detecting the 511 keV annihilation gamma-rays and may easily be installed in the treatment room ([@B30]), suggesting its applicability in C-ion RT verification.

Therefore, by using a Compton camera, we demonstrate the first *in vivo* evidence of real-time monitoring of annihilation gamma-rays generated by C-ion irradiation. We further demonstrate the visualization of transported activated elements with annihilation gamma-rays from those generated at the irradiated site.

Materials and Methods {#s2}
=====================

Compton Camera
--------------

We used a commercial Compton camera (ASTROCAM 7000HS, Mitsubishi Heavy Industries Ltd., Japan), which consists of eight layers of Si detectors in the scattering layer and four layers of CdTe detectors in the absorbing layer ([@B31], [@B32]). The Compton camera was initially developed to monitor environmental radiation following the accident of Fukushima Daiichi Power Plant based on astronomy technology ([@B33]). The area size of each detector was 50 × 50 mm. The thicknesses of the Si and CdTe layers were both 0.75 mm. The spacing between the layers of the Si and CdTe layers were 7.2 and 7.8 mm, respectively. The distance between the final layer of the Si detector and the first layer of the CdTe detector was 40 mm. The angular resolution measure (ARM) was 5.4° (full width half maximum) in angular resolution measure at 662 keV. The distance from the beam axis to the first Si detector in the scattering layers was 175 mm. It was not modified or specialized for this experiment. Further details are described elsewhere in previous studies ([@B31], [@B32]). The objects of the analysis in this study were the events detecting energy depositions in the Si detector and one of the CdTe detectors simultaneously (two-hit events). The energy window was set from 501 to 521 keV. The lists of two-hit event data, for which the total energy deposition in the Si and CdTe detectors was 501--521 keV, were read-out. The images were reconstructed by using the uniformly enlarged projection method. Gaussian distribution with ARM was adopted to spread the Compton rings ([@B34]).

Carbon Ion Beams
----------------

We performed beam-monitoring experiments using C-ion beam at the Gunma University Heavy Ion Medical Center ([@B31]). A vertical beam-line C-ion pencil beam with a beam energy of 140 MeV/u was used in this experiment. The beam width was measured using Gafchromic film (EBT3, Ashland Inc., USA).

Point Source Study
------------------

To validate the detecting point, we conducted imaging of the Na-22 point source (0.8 MBq; SKR8252, Eckert & Ziegler, Germany) with a diameter of 2 mm. First, the Na-22 point source was placed on a sample stage and measured; it was then placed 2 cm (equivalent to the height of the mouse) above the sample stage using an acrylic block and measured. The distance from the Na-22 point source to the first Si detector was 175 mm. The 511 keV gamma-ray emissions from the Na-22 RI were measured using the Compton camera for 3 min, and the measurement results were fit with a general parametric function (GPF) in equation (2) to obtain a point spread function (PSF). The GPF has a general form involving the Gaussian and Lorentzian functions by the parameter of *B*. As used below in Eq. (2), *V*~(*x*)~ represents the normalized pixel value at position *x*. The PSF is characterized by three characteristic parameters; *x*~0~, *A*, and *B*. A Gaussian function is the most common function to express PSFs. Unfortunately, however, the Gaussian function is not suitable, and GPF possesses better PSFs in Compton imaging than Gaussian, Lorentzian, and Voigt functions ([@B35], [@B36]).
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Carbon Ion Beam Diameter Measurement
------------------------------------

We performed C-ion beam irradiation on a Gafchromic film at 1 × 10^7^ particles/s for 1 min. Gafchromic films are radiation-sensitive films and are widely used in RT for dose verifications. Because of the dynamic range of the Gafchromic films, the beam flux was reduced from that used in the experiment of beam irradiation on a mouse. Flux-dependency of the beam-size was not observed. The irradiating beams cause a change in the color within the irradiated areas of the Gafchromic films indicating the shape and size of the beam. The resulting beam shape was digitalized using a scanner (Offirio ES-10000G, Epson, Japan) to evaluate the size of the ionized area. The image data were saved in TIFF format with 24-bit color, and only the red channel was analyzed. Finally, the beam size was confirmed using a Gaussian function fit to the measured result.

Experiment of Carbon Ion Beam Irradiation on a Mouse
----------------------------------------------------

We used an adult C57BL/6 mouse (Japan SLC Inc., Japan) for the present experiment. The mouse was anesthetized by intraperitoneal administration of 10% Somnopentyl, placed on the sample stage in a supine position, and immobilized with a thin holding fixture. The distance from the Compton camera to the center of abdomen in mouse was 100 mm ([Figure 1](#F1){ref-type="fig"}). We performed C-ion beam irradiation on the abdomen of the mouse at 1 × 10^9^ particles/s for 20 s. Immediately after the C-ion beam irradiation, the 511 keV gamma-ray detection was performed for 20 min using the Compton camera. All animal experiments were performed with approval from the Animal Care and Experimentation Committee (Gunma University).

![Schematic view of Compton camera **(A)** and experimental setup **(B)**.](fonc-10-00635-g0001){#F1}

Results {#s3}
=======

Point Source Imaging
--------------------

The 511 keV annihilation gamma-rays from the Na-22 point sources were detected using the Compton camera for 3 min. The numbers of selected Compton events used to reconstruct the image when the Na-22 was placed at the same level as the sample stage (mouse stage) and 2 cm above the sample stage were 1958 and 1901, respectively. The efficiency (selected events/incident gamma-rays) was \~0.05%, which was calculated from the setup geometry. [Figures 2A,B](#F2){ref-type="fig"} illustrate the reconstructed back-projection images for the Na-22 point sources placed on the sample stage and 2 cm above the sample stage, respectively. GPFs were fit to the corresponding profiles pass through the peak position of the two images to estimate the PSFs. Using the newly obtained PSFs, the full width at half-maximums (FWHM) of the image of the Na-22 point sources placed on the sample stage ([Figure 2A](#F2){ref-type="fig"}) and 2 cm above ([Figure 2B](#F2){ref-type="fig"}) was determined to be 37.0 and 39.9 mm, respectively.

![Compton images of the Na-22 point source placed at the\[\[Inline Image\]\] sample stage level **(A)** and 2 cm above the sample stage level **(B)**.](fonc-10-00635-g0002){#F2}

Carbon Ion Beam Diameter Measurement
------------------------------------

[Figure 3A](#F3){ref-type="fig"} illustrates the imaging of the C-ion beam irradiation with the Gafchromic film. The corresponding profile plot of the Gafchromic film image after beam irradiation (indicated by the triangles and dashed line in [Figure 3A](#F3){ref-type="fig"}) is illustrated in [Figure 3B](#F3){ref-type="fig"}. A Gaussian function was fitted to the plot profile along the x-projection around the center of the beam. The C-ion beam diameter (σ of the Gaussian distribution) was determined to be 10.2 mm in the direction of the x-axis (the horizontal direction in the Compton images). The 68% confidence interval was calculated to be less than 0.1 mm using the uncertainty in the film measurement of 3% ([@B37], [@B38]).

![Result of the Gafchromic film measurement of the C-ion beams **(A)** and profile of the Gafchromic image **(B)**. Black bar = 1 cm.](fonc-10-00635-g0003){#F3}

Results of Carbon Ion Beam Irradiation of the Subject Mouse
-----------------------------------------------------------

The 511 keV annihilation gamma-rays from a mouse irradiated with C-ion beams were detected using the Compton camera for 20 min immediately after C-ion beam irradiation for 20 s. The number of selected Compton events decreased from 833 to 220 events/min in this time period ([Figure 4A](#F4){ref-type="fig"}). The total number of Compton events used to reconstruct the image after a 3-min measurement was 2,173. [Figure 4B](#F4){ref-type="fig"} shows the energy spectra of two-hit data read out from the Compton camera, compared with those of the Na-22 measurements. The spectra are similar to each other. [Figure 4C](#F4){ref-type="fig"} illustrates the reconstructed back-projection image of total composition for a mouse irradiated with C-ion beams. The x-projection profile map at y = 0 and the y-projection profile map at x = 0 of the corresponding back-projection reconstructed images depicted in [Figure 4B](#F4){ref-type="fig"} are illustrated in [Figure 4D](#F4){ref-type="fig"} (red line) and [Figure 4E](#F4){ref-type="fig"} (red line), respectively. Additionally, the corresponding profiles of the x-projection at y = 0 and y-projection at x = 0 of the Na-22 point source images at the sample stage position are depicted in [Figure 4D](#F4){ref-type="fig"} (green line) and [Figure 4E](#F4){ref-type="fig"} (green line), respectively. Furthermore, the x-projection at y = 0 and y-projection at x = 0 for the Na-22 point source placed 2 cm above the sample stage position are depicted in [Figure 4D](#F4){ref-type="fig"} (blue line) and [Figure 4E](#F4){ref-type="fig"} (blue line), respectively. Upon evaluating the x-projection profile maps at y = 0, it was found that the peak projections were visualized at the same position when the Na-22 point source was placed at the sample stage level and when it was placed 2 cm above the sample stage level. This confirms that the target (mouse abdomen), the Na-22 point source placed at the stage level, and the Na-22 point source placed 2 cm above the stage level all lie along the vertical axis of beam delivery. For the y-projection profile map at x = 0, the peak projection due to C-ion beam irradiation of the mouse was visualized at a position between the peak projection profile of the Na-22 point source at the stage level and that of the Na-22 point source located 2 cm above the stage level. This confirms that both the Bragg peak position and the location of gamma-ray emission due to the C-ion beams are located well inside the target (mouse).

![Results of C-ion beam irradiation on a mouse. Time course of Compton events and numbers in parentheses for fitting parameters are 68% confidence intervals **(A)**. Energy spectra of Na-22 or mouse-irradiation measurement **(B)**. Compton image **(C)**. Normalized profiles of x-projection at y = 0 (red line) **(D)** and normalized profiles of y-projection at x = 0 (red line) **(E)**. The dotted line in **(A)** represents a fitting curve following the equivalent equation, as illustrated in **(A)**. The red, green, and blue lines in **(B)** represent the corresponding spectrum of mouse and Na-22 point source images at the sample stage level and 2 cm above the sample stage level, respectively. The green lines and blue lines in **(D)** and **(E)** represent the corresponding profiles of Na-22 point source images at the sample stage level and 2 cm above the sample stage level, respectively. The black dotted line in **(D)** was the convolution of the PSF (FWHM = 40 mm) determined by the Na-22 image, and the beam profile (FWHM = 24 mm) determined by the Gafchromic film.](fonc-10-00635-g0004){#F4}

The FWHM of the range for detecting the generated region of the 511 keV gamma-ray after the C-ion beam irradiation was 72 mm. This diameter was markedly wider than the convolution of the C-ion beams evaluated by the Gafchromic film and the PSF evaluated by the Na-22 point source (black dotted line in [Figure 4D](#F4){ref-type="fig"}). The FWHM of the convolution functions of the C-ion beam profile and the PSF, as can be observed in [Figures 2A,B](#F2){ref-type="fig"}, was 55.2 and 58.2 mm, respectively.

Discussion {#s4}
==========

We have demonstrated the use of a Compton camera for real-time monitoring of 511 keV annihilation gamma-ray emissions immediately after C-ion beam irradiation in a mouse. Unlike a PMMA or water phantom, the living body contains nitrogen, calcium, phosphorus, etc.; therefore, it may generate various types of isotopes and high energy gamma-rays. The high-density components scatter more gamma-rays. They could make considerably more noise events than does an acrylic phantom or water phantom. These noise effects can make it difficult to visualize gamma-ray emissions using a Compton camera. The C-ion beams mainly generate two β+ emitters, namely, C-11 (half-life: 20.4 min) and O-15 (half-life: 2.04 min) in PMMA, and the decay graph can be explained by the half-lives of the isotopes ([Figure 4A](#F4){ref-type="fig"}) ([@B39], [@B40]). The composition of a mouse is slightly different from a PMMA. A considerable amount of positron emitters other than C-11 and O-15 could be generated. Some of them (e.g., O-14, N-13, F-17) have similar half-life times. Thus, further investigations are required to estimate the amount of positron emitters produced.

From the energy spectra of the Na-22 measurement and the mouse irradiation experiment, the shapes around 511 keV are similar. There would be scatter components of high-energy gamma-rays in the 501--521 keV energy window, however, the proportion is small. In this study, the impact of high energy gamma-rays is comparable to that of 1275 keV gamma-rays in the Na-22 measurement.

The peak projection visualized between the Na-22 point source at the sample stage level and 2 cm above the sample stage level indicates that the peak intensity was located in the abdomen of the mouse. Additionally, the reconstructed Compton image of 511 keV annihilation gamma-rays emitted after the C-ion beam irradiation on the mouse was relatively wider than was the image of the Gafchromic film generated by the C-ion beam irradiation. The beam profile appears to have the shape of a circle or an ellipse slightly elongated in the z-direction (vertical direction in [Figure 3A](#F3){ref-type="fig"}). No position dependency was observed in the sigma estimation. The configuration of the body of the mouse is practically similar in the irradiation field (If the inhomogeneous of the body of the mouse strongly affected the distribution of the positron emitters, the peak position would change from the beam center and the distribution would be bilaterally asymmetric.) Thus, the distribution of the 511 keV source in the Compton image should be explainable in terms of the distribution of the C-ion beams and point spread function of the Compton image in the direction of the x-axis, if there is no diffusion in the body of the mouse. The PSF of the Compton image has position dependency. However, the impact of the difference of two Na-22 images on the FWHM of the convolution function is small (55.2 and 58.2 mm). There are some uncertainties in the FWHM estimation; the uncertainty of the pixel value of Compton image was not defined in the present study, however, the reproducibility of the PSF could be confirmed. By measuring the Na-22 on the sample stage three times, it was shown that the FWHM ± the standard deviation was 36.8 ± 0.2 mm (data not shown). Thus, the difference in the size of these Compton images would indicate that the positron emitters were transported via biofluids. These results can contribute to the future development of C-ion RT in clinical practice using Compton camera and radiological imaging for adaptive therapy. Unfortunately, the positron emitters would be spread throughout the body in the measurement time owing to the small size of the mouse. If the size of an object could be large and/or the efficiency could be increased, the kinetics would be observed.

The monitoring of the 511 keV annihilation gamma-rays was performed immediately after C-ion beam irradiation and not during the irradiation (on-beam condition), because a large number of secondary gamma-rays are generated during C-ion beam irradiation and this generates background noise affecting the detection of actual gamma-rays with the Compton camera. Moreover, the dead time of the Compton camera for gamma-ray detection in the on-beam condition is longer when compared to that in the off-beam condition. The projectile produces various secondary radiation, such as prompt gamma-rays and secondary-electron bremsstrahlungs ([@B41]--[@B45]). The detector dead-time caused by the measurement of the secondary radiations reduces the detection efficiency of the annihilation gamma-rays. The dead-time of the Compton camera is mainly caused by the trigger logic and the readout electronics because the Compton camera has to process a large amount of data ([@B33], [@B46]). Thus, the impact of dead-time for the Compton camera is larger than that for conventional gamma cameras. Sometimes, the high frequency of secondary radiations introduces random coincidence events ([@B5], [@B47]). High-energy gamma-rays could be detected by chance in the photo-peak energy window of 511 keV scattering in the target object and/or in the scatterer detector. In addition, MeV gamma-rays generate annihilation gamma-rays through pair productions, and these undesirable data decrease the quality of the Compton image. One of the measures used to reduce noise involves the synchronization of the Compton camera with the beam delivery. The C-ion beams generated by synchrotron are delivered with a profile of 20 pulses/min (a 1 s pulse is ON following a 2 s OFF period for accelerating) ([@B48]). By synchronizing detection with this beam period and monitoring the gamma-rays only during the OFF pulses (2 s period), one would suppress the influence of noises from secondary gamma-rays even during the on-beam periods.

The Compton camera has the potential for use in adaptive therapy with C-ion RT in clinical practice. If the 511 keV annihilation gamma-rays can be precisely monitored using the Compton camera immediately after C-ion RT, it is possible to reduce the inter-fractional dose distribution degradation by altering the subsequent treatment plan by comparing the dose distribution of the primary treatment plan with that of the plan on the actual day of treatment. Additionally, by confirming the beam range of C-ion RT and adjusting the beam energy, bolus thickness, or range shifter, it is possible to reduce intra-fractional dose distribution degradation. In this study, the peak intensities were not evaluated in a quantitative way. A quantitative analysis of Compton images is still at an early stage of development ([@B49]--[@B51]). Additionally, differentiating transported activated elements with annihilation gamma-rays from those generated at the irradiated site is not possible. It is of crucial importance to estimate the dose distribution and confirm the differentiation of annihilation gamma-rays; therefore, further investigations are required.

Several researchers have investigated whether AAPET is useful for treatment verification with proton beam therapy and C-ion RT and they have concluded that AAPET verification is useful and reliable ([@B28], [@B29]). However, owing to the large size of the instrumentation, current research with AAPET is mainly conducted with PET installed in a room separate from the irradiation room. Therefore, there occurs a time lag of \~10 min due to the transport of the patient from the irradiation room to the PET room. This time lag has a significant effect on the activated elements with annihilation gamma-rays transport and metabolic washouts and results in a lack of accuracy. Thus, OpenPET is being researched for the purpose of downsizing the device and detecting the annihilation gamma-rays during irradiation ([@B52]). However, in OpenPET, interference between the treatment beam axis and the detector lowers the detection accuracy. Moreover, the cost and size of the OpenPET constitute disadvantages. In contrast, Compton cameras are compact and do not generate interference with the treatment beam axis.

It is easier to conduct basic research using our portable Compton camera because there are relatively fewer restrictions on the experimental location and layout. Additionally, this approach is expected to aid clinical trials in humans because it has no negative effect on patients, in contrast to the radiation exposure in clinical trials using computed tomography. At present, the spatial resolution of our Compton camera is not sufficient to develop a system for human imaging. However, a spatial resolution of 5 mm or less can be achieved by optimizing the distance between the beam axis and the detector, enhancing the hardware by adding/removing detectors, or enhancing the application-specific integrated circuit (ASIC) of the Compton camera. A high performance ASIC can reduce the accidental coincidence event and maintain the detection efficiency when the spatial resolution is increased.

Conclusions {#s5}
===========

We have demonstrated real-time monitoring of 511 keV annihilation gamma-ray emissions immediately after C-ion beam irradiation of a mouse and have visualized the peak intensity of the gamma-ray events and activated elements with annihilation gamma-rays transport in the mouse abdomen using a Si/CdTe-based Compton camera. By confirming the peak intensity and beam range of C-ion RT using a Si/CdTe-based Compton camera, it is possible to reduce the intra-fractional and inter-fractional dose distribution degradation. Because the gamma-ray emission site can trace the Bragg peak location ([@B25]), we were able to confirm that the Bragg peak lies within the mouse abdomen in this study. Additionally, the activated elements with annihilation gamma-rays transport, as evaluated from the Compton images, reveals that the activated elements with annihilation gamma-rays transport within the mouse abdomen was affected by biofluids. These results can contribute to the future development of C-ion RT and are expected to aid in human clinical trials by facilitating adaptive therapy and allowing accurate irradiation in response to anatomical changes.
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